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deformabilityAbstract The main objective of this paper is to investigate the effect of adding discrete glass ﬁbers
on the behavior of reinforced concrete (RC) beams under different ﬁre and cooling conditions.
Eighteen beams with different concrete compressive strengths were tested to study the behavior
of reinforced concrete (RC) beams containing discrete glass ﬁbers when exposed to different ﬁre
and cooling conditions. Nine beams were prepared from normal strength concrete (NSC) with com-
pressive strength equal to 35 MPa while the other beams were prepared from high strength concrete
(HSC) with compressive strength equal to 60 MPa. The beams contained different contents of dis-
crete glass ﬁbers. The modes of failure of tested specimens show that the crack patterns change
according to ﬁre condition and ﬁber content. Analysis of test results show that adding discrete glass
ﬁbers to NSC increased the residual stiffness of the tested specimens after ﬁring and decreased the
rate of the deﬂection gain during ﬁring. Also adding ﬁbers to concrete has a limited positive effect
on the ultimate strength of the specimens compared to the control specimens. Its effect on deﬂection
due to ﬁre is more pronounced. Finally, the recommended optimum ratio of discrete glass ﬁbers is
not more than 0.5% of the total concrete weight.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.Introduction
Fire is considered one of the most serious potential risks for
buildings and structures. Concrete is generally considered to
have an acceptable resistance to ﬁre in comparison with other
construction materials such as wood or steel [1–4]. The ﬁre
resistance of a RC beams depends on a number of factors
including ﬁre conditions, sectional characteristics, load level,
geometric properties and support conditions [5].
Concrete structures must still be designed for ﬁre effects to
ensure that structural components withstand dead and live
loads without collapse under ﬁre due to the decrease in thedoi.org/
2 M. Riad et al.strength of concrete and steel reinforcement or the expansion
of structural components causing additional stresses and
strains. When reinforced concrete is subjected to high temper-
atures due to ﬁre, the losses in compressive strength of concrete
and the reduction in its stiffness are related to gradual deteri-
oration of the hardened cement paste and the destruction of
the bond between the cement paste and the aggregates. In
addition, thermal expansion causes internal cracking and spal-
ling of concrete, as well as debonding of the reinforcement
bars.
As the strength of the concrete and the strength of the steel
reinforcement decrease, the moment capacity of the RC ele-
ment decreases and when it is reduced to the magnitude of
the moment caused by the applied load, ﬂexural collapse will
occur [6].
Glass is an amorphous material obtained by supercooling
of molten mass produced by the combination of metallic oxi-
des with silica in a chemical reaction [7]. Mixing discrete glass
ﬁbers in concrete improves its properties under ambient tem-
peratures. The resulting material may be considered as a new
composite material with improved tensile strength and crack-
ing resistance. It can enhance the resistance of RC beams sub-
jected to ﬁre besides increasing the ﬂexural and shear capacities
of the RC beams [8]. There are theoretical and experimental
studied in for using discrete steel ﬁbers more than using dis-
crete steel ﬁbers [9–12].
The main objective of the current paper is to study the
behavior of reinforced concrete beams having discrete glass
ﬁber under the effect of different ﬁre and cooling conditions.
Experimental program
Eighteen R.C. beams with rectangular cross-section, sized
120 mm (width) · 250 mm (height) · 1650 mm length (Fig. 1),
were manufactured. Concrete mix used to cast the tested RC
beams with concrete compressive strength equal to 35 MPaFig. 1 Details of t
Please cite this article in press as: M. Riad et al., Eﬀect of discrete glass ﬁbers on the b
10.1016/j.hbrcj.2014.11.005consisted of Portland cement, natural aggregates and natural
water. Silica fume and super plasticizer were added to the con-
crete mix used to produce concrete with compressive strength
60 MPa. Discrete short chopped glass ﬁbers of 18 mm length
were used. The used glass ﬁbers are alkali resistant (E-Glass
ﬁbers) which are treated with sizing and coupling agents.
According to the producer, the ultimate tensile strength of
the ﬁber is 1600 MPa, its modulus of elasticity is 72 GPa and
glass ﬁber ultimate tensile strain is 0.0022.
Mixing was performed using a concrete tilted rotating drum
mixer with a maximum capacity of 0.125 m3. Sand, dolomite,
cement and silica fume were dry mixed while the discrete ﬁbers
were gradually added to the mix until a homogenous color was
observed. Then, the water with the super plasticizer was grad-
ually added, mixing was carried out for additional two min-
utes, after which the concrete became homogeneous. The
concrete was casted in the molds and cured by covering the
specimens with moist burlap sheets until testing.
Three parameters were considered in this study; variable
discrete glass ﬁber content, concrete compressive strength
and different ﬁre and cooling conditions. Details of tested
beams with different parameters are shown in Table 1.
The eighteen beams were divided into six groups; each of
these groups has three beams containing glass ﬁber content
ratios equal to 0.0%, 0.5%, and 1.00% of the concrete weight,
respectively. Group one, group three and group ﬁve were pre-
pared from normal strength concrete with compressive
strength equal to 35 MPa while groups two, four and six were
prepared from high strength concrete with compressive
strength equal to 60 MPa. The ﬁrst and second group, G1
and G2, were not exposed to ﬁre and are used as control.
Groups three and four, G3 and G4, were initially loaded up
to 0.30 of the ultimate load resulting from the control beams
of groups G1, and G2. Under this load, the beams were
exposed to ﬁre until the temperature reached 500 C within
half an hour. After that, the ﬁre was stopped and the beamsypical specimen.
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Table 1 The experimental program and results.
Group Specimen Compressive
strength (MPa)
Fiber content
(%)
Firing
temperature
(C)
Pu (kN) Pu/Pu
(No ﬁre,
no ﬁber)
Pu/Pu
(control
group)
Fire condition
G1 B1-A-35–0.0 35 0 Non 84 1.00 1.00 No ﬁre
B2-A-35–0.5 35 0.5 Non 94 1.00 1.12
B3-A-35–1.0 35 1 Non 98 1.00 1.17
G2 B4-A-60–0.0 60 0 Non 92.37 1.00 1.00
B5-A-60–0.5 60 0.5 Non 100.65 1.00 1.09
B6-A-60–1.0 60 1 Non 103.4 1.00 1.12
G3 B7-B-35–0.0 35 0 500 85.2 1.01 1.00 Fire and air cooling
B8-B-35–0.5 35 0.5 500 92.95 0.99 1.09
B9-B-35–1.0 35 1 500 96.28 0.98 1.13
G4 B10-B-60–0.0 60 0 500 89.1 0.96 1.00
B11-B-60–0.5 60 0.5 500 94.9 0.94 1.07
B12-B-60–1.0 60 1 500 91.25 0.88 1.02
G5 B13-C-35–0.0 35 0 500 82.9 0.99 1.00 Fire and water jet cooling
B14-C-35–0.5 35 0.5 500 86.2 0.92 1.04
B15-C-35–1.0 35 1 500 89.5 0.91 1.08
G6 B16-C-60–0.0 60 0 500 90.86 0.98 1.00
B17-C-60–0.5 60 0.5 500 98.45 0.98 1.08
B18-C-60–1.0 60 1 500 94.82 0.92 1.04
Fig. 2 Experimental setup.
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failure. Groups G5 and G6 were also initially loaded up to 0.30
of the ultimate load resulting from the control beams of groups
G1 and G2. Under this load, the beams were exposed to ﬁre
until the temperature reached 500 C within half an hour.
After that, the beams were cooled with water jet then the load
was increased up to failure.
Experimental setup and testing
A special setup for testing the beams was constructed (Fig. 2).
It consisted of a steel frame formed of I-beams resting on four
steel columns to support the beams during ﬁring and loading.
The span of the tested beams between supports is 1.5 m.
Loading was undertaken using an additional I-beam acting
as a lever. One end of the beam was attached to the strong
ﬂoor of the laboratory using threaded steel rods which pro-
vided a hinge support for the lever. The other end of the lever
beam was provided with a hanger for supporting concrete
weights. The lever beam applied its reaction load in the center
of the tested beam. A load cell was provided between the lever
beam and the tested beam to accurately measure the applied
load. Additional threaded rods were attached to the strong
ﬂoor near the hung weights. By tightening nuts to these rods,
the lever beam was forced to increase the load on the tested
beam in a displacement control manner.
Loading was initially achieved by increasing the number of
concrete weights hung from the end of the lever beam until the
reaction load acting in the center of tested beam reached 30%
of ultimate load of the control beams. After applying 30% of
the failure load of the control beam, displacement was used to
control loading at each load stage. This ensured that the load
remained constant for measuring and observing. This arrange-
ment avoided the use of hydraulic jacks during ﬁre.
Digital load cell of capacity of 550 kN and accuracy of
0.1 kN were used to measure the applied loads. The valuesPlease cite this article in press as: M. Riad et al., Eﬀect of discrete glass ﬁbers on the b
10.1016/j.hbrcj.2014.11.005of the applied loads were recorded from the monitor connected
to the load cell. The beams were tested using an incremental
loading procedure. The vertical displacement of the tested
beams was recorded using two dial gauges, one at the middle
of beam and the other at a distance equal to one fourth of
the span measured from the support. The load cell and the
two dial gauges were protected from ﬁre by wrapping them
with Rockwool mats.ehavior of R.C. Beams exposed to ﬁre, HBRC Journal (2015), http://dx.doi.org/
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The experimental results revealed the following behavior for
RC beam containing discrete glass ﬁber when exposed to dif-
ferent ﬁre and cooling conditions. The considered elements
of the behavior are cracking patterns, modes of failure, load
deﬂection curves, ultimate loads and maximum deﬂections.
Crack patterns and modes of failure
The crack patterns and modes of failures of the tested beams
are shown in Fig. 3. For groups G1 and G2, Fig. 3a and b
shows that all beams failed in shear-ﬂexure. By adding the
ﬁbers, the crack widths decreased, the number of cracks
increased and the shear cracks became less pronounced. The
addition of ﬁbers changed the mode of failure of members of
group G2 to pure ﬂexure failure. This may be due to the
achieved high shear strength of the ﬁbrous high strength con-
crete which prevented the occurrence of the shear cracks.
Fig. 3c and d shows the crack patterns and modes of fail-
ures of groups G3 and G4 which were exposed to ﬁre and were
failed while cooling in air. The cracking of the members of
group G3 was more severe compared to that of G1. The failure
mode remained shear-ﬂexure, but the shear cracks were more
pronounced due to the deterioration of the concrete strength.(a): The crack patterns for group (G1)
(c): The crack patterns for group (G3)
(e): The crack patterns for group (G5)
Fig. 3 The crack pattern
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ﬂexural-bond failures. This is a result of a reduction of the con-
crete tensile strength relative to the shear strength. The beneﬁ-
cial effect of the ﬁbers in reducing the size of the cracks of
groups G3 and G4 was similar to groups G1 and G2.
Fig. 3e and f shows the crack patterns and modes of failures
of groups G5 and G6 which were exposed to ﬁre then cooled
before increasing the load until failure of the specimens. The
ﬁring changed the modes of failure of groups G5 and G6 to
ﬂexural failures. Cracking for both groups was more concen-
trated in the middle zone of the beams and the diagonal cracks
decreased compared to groups G1 and G2. No signiﬁcant
effect of the ﬁber addition on the crack pattern is noted.
This may be due to the hardening of the steel reinforcements
due to sudden cooling by the water jet.
Load deﬂection curves
The load deﬂection curves of the tested beams are shown in
Fig. 4. For groups G1 and G2, Fig. 4a and b shows that adding
discrete ﬁbers increased the stiffness of the tested beams espe-
cially for HSC beams. The increase in stiffness for ﬁber content
ratio equal to 0.5% is the highest. The ductility of NSC beams
improved by adding the ﬁbers, while for HSC, no clear
improvement in ductility is noted. On the contrary, the(b): The crack patterns for group (G2)
(d): The crack patterns for group (G4)
(f): The crack patterns for group (G6)
s for tested specimens.
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reduction of ductility. Adding the ﬁbers resulted in a general
increase in the ultimate strength of the beams.
Fig. 4c and d shows the load deﬂection curves of groups G3
and G4 which were exposed to ﬁre and were failed while cool-
ing in air. The curves show a plateau at about one third of the
failure load due to the deﬂection increase resulting from expan-
sion of the lower part of the beam due to ﬁre. The resulting(a) fcu=35MPa - no fire
(c) fcu=35MPa - exposed to fire
(e) fcu=35MPa - exposed to fire then cooled (
Fig. 4 Effect of ﬁber conten
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pared to that of HSC. This is a direct result of the higher mod-
ulus of elasticity of HSC. The slope of the load deﬂection
curves after ﬁring is relatively irregular and for NSC it indi-
cates reduction in deﬂection under increasing load. The cause
for this is that the rate of load-induced deﬂection was less than
the reduction of deﬂection resulting from cooling.
Accordingly, the slope of the curve in this zone is not(b) fcu=60MPa - no fire
(d) fcu=60MPa - exposed to fire
f) fcu=60MPa - exposed to fire then cooled
t on load deﬂection curve.
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6 M. Riad et al.indicative. The ductility of the NSC after yielding is improved
irrespective of the ﬁber content. For HSC, considerable reduc-
tion in ductility is observed, irrespective of the ﬁber content.
Fig. 4e and f shows the load deﬂection curves of groups G5
and G6 which were exposed to ﬁre then cooled before increas-
ing the load to fail the specimens. The load deﬂection curves of
the specimens of group G5 are very similar to those of the
group G1 except for the deﬂection resulting from ﬁring at
about one third of the ultimate load. The effect of ﬁber addi-
tion is also the same. The load deﬂection curves of the speci-
mens of group G6 differ from the group G2 due to the
improved ductility of the ﬁred specimens.
Failure load
The failure loads of the tested specimens are given in Fig. 5 and
Table 1. In the control group (G1) with normal strength of
concrete (NSC), the ultimate load increased by 12.0% and
17% by using discrete ﬁber content ratio equal to 0.5%, and
1.0% respectively. Under ﬁre, the ultimate load increased
9% and 13% by using discrete ﬁber content ratio equal to
0.5%, and 1.0% respectively. Finally under ﬁre and cooling,
the ultimate load increased 4% and 8% by using discrete ﬁber
content ratio equal to 0.5%, and 1.0% respectively. From this,(a) fcu=35MPa
Fig. 5 Effect of ﬁber content for different
(a) fcu=35MPa
Fig. 6 Effect of Tempe
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less efﬁcient in increasing the strength of beams. The least
effect is when the beams are exposed to ﬁre, then cooled by
water jet. This may be due to reduction in bond between dis-
crete ﬁber and concrete.
For normal strength concrete, the efﬁciency of discrete glass
ﬁbers with the normal strength concrete in improving the
strength of RC beams is more than that of the high strength
concrete. As shown in ﬁgure and Table 1, for high strength
concrete, group G2, the ultimate load increased by 9.0% and
12% by using discrete ﬁber content ratios equal to 0.5%,
and 1.0% respectively. But under ﬁre and ﬁre then cooling,
the ultimate load increased by a maximum of 8%. From this,
it can be concluded that using discrete ﬁber is not affecting the
high strength concrete because the loss in compressive strength
and ﬂexural strength during ﬁre.
The relative strength of the NSC which was ﬁred and
failed before cooling varied between 101 and 98% which
indicates that the strength reduction is marginal. When the
specimens are failed after cooling, the retained strength
ranges between 99 and 91% compared to the unﬁred speci-
mens. This means that the reduction in strength increases
after cooling and that the reduction in strength increases by
adding the ﬁbers.(b) fcu=60MPa
ﬁre conditions on retained failure load.
(b) fcu=60Mpa
rature on Deﬂection.
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strength after ﬁring and before cooling varies between 96
and 88%. This means that the reduction in high strength con-
crete specimens is more than in normal strength concrete spec-
imens. After cooling the strength is reduced further and the
retained strength varies between 98 and 92%. In all cases,
the retained strength decreases with the ﬁber content.
It has to be added that in all cases, the strength of concrete
containing ﬁbers remained higher than the specimens without
ﬁbers.
Temperature induced deﬂection
Fig. 6 shows the increase in deﬂection due to temperature
increase. The rate of increasing deﬂection for normal strength
concrete is more than for high strength concrete. Adding dis-
crete glass ﬁbers has a higher effect on the normal strength
concrete as compared to the high strength concrete. Both doses
of ﬁbers have the same effect for normal strength concrete
while for high strength concrete the smaller dose of ﬁbers
reduces the deﬂections. The rate of deﬂection increase with
temperature is very similar for all high strength concrete spec-
imens and the normal strength specimens containing ﬁbers.
The reduction in the considered rate of deformation may be
explained by increasing the modulus of elasticity while the
reduced value of the deﬂection may be a result of signiﬁcant
increase in the tensile strength of the material.
Conclusions
Based on the analysis of the experimental results of the tested
RC beams containing discrete ﬁbers exposed to ﬁres, the fol-
lowing conclusions can be drawn:
1. By adding discrete glass ﬁbers, the strength of the beams
increased slightly and the crack density increased compared
to control beams for all concrete strengths and ﬁre
conditions.
2. The modes of failure of the control specimens were of shear
ﬂexure type for all ﬁber contents and concrete grades. For
specimens failed while being cooled in air and variable ﬁber
contents, the normal strength specimens changed their
mode of failure to prevailing shear failure while for high
strength specimens, the mode of failure changed to ﬂexure
bond failure. The ﬁred then cooled specimens’ failure mode
is of ﬂexure character for all ﬁber contents and concrete
grades.
3. Adding ﬁbers to concrete has a limited positive effect on the
ultimate strength of the specimens compared to the control
specimens. Its effect on the deﬂection due to ﬁre is more
pronounced.Please cite this article in press as: M. Riad et al., Eﬀect of discrete glass ﬁbers on the b
10.1016/j.hbrcj.2014.11.0054. The behavior of all specimens cooled after ﬁre is similar to
non-ﬁred specimens except for reduction in strength of less
than 10%.
5. The ductility of normal strength concrete specimens is not
affected by the different ﬁre conditions. For high strength
concrete specimens, the same applies, except for the speci-
mens which were failed while being cooled in air, which
showed very limited ductility.
6. The ﬁber content equal to 0.5% of the weight of concrete is
more effective than higher dosages.
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